Multi-terminal DC (MTDC) grids are becoming increasingly popular for interconnecting non-synchronous generating resources such as offshore wind power plants (WPPs). The benefit of MTDC systems is that they can be reconfigured during contingencies to maintain the supply of power to the host AC systems. DC grid reconfiguration in MTDC systems will inevitably change the power injections to the host AC system, and will thus affect the dynamic behaviour of the AC system. This paper investigates the dynamic behaviour of the representative Great British (GB) transmission system (i.e. a reduced order dynamic model) for a series of reconfigurations in a meshed MTDC grid connecting offshore WPPs to the system. Hierarchical control strategies for the MTDC system including a DC power flow solver (PFS) and pilot voltage droop (PVD) are compared. From the analysis, it is observed that the reconfiguration of MTDC grid has a notable impact on large-disturbance dynamics of the GB transmission system.
Introduction
Due to the rising number of offshore wind power plants (WPPs) far from the shore, and the growing desire for increased interconnection between different asynchronous zones to enable cross-border trading and improve security, HVDC technology will play a significant role in future power systems [1] . According to the European Network of Transmission System Operators for Electricity (ENTSO-E), approximately a quarter of the required upgrades in transmission systems over the next ten years will be realized using HVDC systems [2] . Therefore, many power systems will feature a combination of AC and HVDC transmission in future. The point-to-point HVDC technology based on the classical, line commutated converter (LCC), is well established for bulk power transmission. However, the appearance and rapid development of voltage source converter (VSC) technology has enabled the use of VSC-HVDC systems for HVDC links due to its advantages over LCC-HVDC technology. Most of the existing VSC-HVDC links are point-to-point, except the Chinese Nan'ao Island and Zhoushan HVDC systems, which are multi-terminal (MT)-HVDC systems, or simply MTDC systems [3] , [4] . It should be noted that both systems are of the radial type. A fully meshed MTDC grid is yet to be constructed and tested.
Indeed to have a secure energy supply with higher reliability, MTDC is widely considered a necessary development. It is envisaged that many of the existing and planned point-topoint HVDC links will become interconnected on their DC sides in the future to form an MTDC system [5] . There are several challenges related to the development and operation of MTDC grids including grid structure, converter control strategy for multivendor converters, and DC voltage stability among others. Several methods have been reported to deal with the DC voltage stability in MTDC systems [5] , [6] . The dynamic behaviour of the MTDC grid is analysed and reported in [7] . The adaptive scheme of droop control strategy and the impacts of the autonomous control during transient events are reported in [8] . The dynamic interaction between the Modular Multilevel Converter (MMC) based MTDC grid and AC system is presented in [9] with a DC voltage droop to maintain the voltage stability of the DC system. The VSC-HVDC system control parameters and their impacts on the stability of the AC system in the electromechanical time-frame are discussed in [10] .
The concept of hierarchical control for an MTDC grid is outlined in [5] , [11] , and [12] . Studies in [5] presented hierarchical DC grid control by extrapolating the strategies used in control and operation of AC grids. The control operation during standard and outage cases is assessed and reported in [5] . The use of an optimal power flow (OPF) based secondary control and droop based primary control is proposed in [13] . The OPF based secondary controller has been used as a supplementary controller to adjust the reference points of the primary droop controllers. A similar idea has been proposed in [14] , and the performances are assessed for various droop characteristics and converter outage cases with simple AC systems.
A great deal of excellent research on MTDC grid operation has been undertaken including studies to investigate the influence of various MTDC primary controllers on DC power flow and AC system dynamics [15] , but it is yet to be fully established as to how MTDC grid reconfiguration and various hierarchical controllers will affect AC system dynamics. From the AC system perspective, DC grid reconfiguration (i.e. extended outage of DC grid converters and lines) could lead to temporary or permanent power imbalances and the loss of AC system voltage support to the host AC grids. The fast-changing power transfer at different terminals could also excite poorly damped modes in the connected AC grids, resulting in significant rotor-angle deviations in generators located electrically distant [16] thus affecting the stability of the system. Therefore, this work aims to analyze the impact of MTDC grid reconfiguration on the host AC system (in this case a representative GB transmission system) rotor angle and frequency stability for various operating scenarios. This paper will continue as follows. Firstly, an overview of the MTDC control including the AC-DC system modelling will be discussed. Then, the AC-DC system stability for various hierarchical controls and operating conditions will be assessed under DC grid reconfiguration. Finally, the paper ends with conclusions and future research directions.
MTDC grid control
This section will outline the MTDC grid control schemes necessary to enable reconfigurability during DC outage contingencies. Full details of standard controls for VSC-HVDC are not discussed in detail but can be found in [9] - [15] .
Droop control
The stability and reliability of an MTDC system can be enhanced by employing multiple converters for DC voltage control. Therefore, DC voltage droop has been reported as the favorable option for DC voltage control. Several droop control schemes have been reported and are further categorized in a simple framework in [17] . The control structure for droop control can principally be classified into two: a) Voltage-current (AC and DC). b) Voltage-power (AC and DC).
Based on the experience of AC system operation with frequency control, a voltage-power droop scheme is the preferred droop control for MTDC system [15] , [17] , as shown in Fig. 1 . When the converter is under droop control scheme, the below constraint is followed by the converter: Dead-band based control is used in the droop controller (see Fig. 1 ) to avoid active power changes due to a small perturbation of DC voltage. The concept of dead-band based droop control is that a converter with dead-band control will operate in a constant power/current mode under typical conditions and will only participate in voltage control when the voltage thresholds are violated (the typical voltage threshold range for the dead-band droop is 1.015-0.975 pu [15] ). 
Pilot voltage droop control
In (2) 
Power flow solver
The optimal power flow (OPF) solver has widely been proposed in the literature as a hierarchical secondary control layer for MTDC systems [12] - [14] , [19] . A hierarchical control algorithm referred to as a Power Flow Solver (PFS) is proposed and analyzed in [14] . A basic control block diagram of MTDC system with PFS is given in Fig. 3 . The main function of the PFS is to ensure the stable operation of the HVDC system in the presence of power injection and demand mismatch in the MTDC grid. This is accomplished by updating the local droop control set points. The centralized PFS as shown in Fig. 3 estimates the droop set points for the converters in the MTDC grid (these set points could be DC voltage, power and current) corresponding to the measured MTDC data. The measured MTDC data for PFS can be DC voltage and power. For this work, a similar model to the PFS given in [14] is used to obtain the target DC voltage for each converter terminal within the system. Local controllers are used to take into consideration fast dynamics associated with converters and cables in the HVDC system. A hierarchical control algorithm such as PFS will be executed at a much slower rate than the local controllers. The PFS adapts to slow (quasisteady state) changes in the system state. For example, if a line is taken out of service, the PFS will adapt set points of local controllers to new quasi-steady state (reconfigured) operating values. Thus for faster transients, the PFS set points typically appear to be quasi-steady state unchanging valuesthe approach taken here.
Test system
The AC system model given in Fig. 4 is a modified reduced order dynamic model of the GB transmission network. The model is developed based on reference load flow cases [10] . Dynamic data is included to enable stability analysis of the system. This includes detailed generator models (6 th order model), excitation systems (IEEE DC1A), power system stabilizers, and generic governor system models. The resulting dynamic model has a total generation capacity of 75 GW with a peak load demand of 60 GW. The power is mainly transmitted from Scotland (North) to England-Wales (South). The full details about the model and parameters can be found in [10] and the references therein.
The five terminal offshore MTDC system shown in Fig. 5 is used for this study. Two aggregated offshore WPPs of 2000 MW each are considered in this work to represent some of the offshore wind power development anticipated around the UK. The WPPs are integrated to the onshore AC system by the meshed MTDC system shown in Fig. 5 . Each converter terminal in the system is rated at 2000 MW, ± 500 kV. A DC chopper is included at the onshore converters to facilitate AC system fault-ride through. The onshore terminals of the MTDC system are connected at bus 7, 10, and 15 in the GB system given in Fig. 4 . It should be noted that the generators at bus 1, 2, 3, and 4 are decommissioned to facilitate the offshore MTDC system into the GB system. The AC-DC grid is modelled in DIgSILENT Power Factory 17.0 [20] . The detailed parameters of WPPs can be found in [21] and the references therein. The parameters related to VSC-MTDC system are given in the Appendix. 
Numerical study

Stability indices
From the perspective of AC-side small-disturbance rotor angle stability, the investigation focuses on the impact of the MTDC grid reconfiguration on the damping of the critical interarea mode of the system. The QR analysis method [20] has been used to evaluate the eigenvalues within the frequency range of interest (i.e. 0.2-1.0 Hz), and the corresponding damping ratios (% damping) are calculated and reported. The largedisturbance rotor angle stability of the host AC system is assessed in this work by the transient stability index (TSI) presented in [21] . The TSI is given as (3) [21] :
In (3) 
The Rate of Change of Frequency (RoCoF) [22] is employed here to assess the frequency stability of the system. The practical aspects of RoCoF measurement include the determination of time window over which RoCoF is calculated. Different time windows will result in different values of RoCoF. The RoCoF values are calculated numerically using a 500 ms measurement window as reported in [22] .
Operating scenarios
Dynamic analysis has been carried out in this section for various operating conditions such as loading levels, MTDC system reconfiguration, and DC link power flow. Three AC system loading conditions, i.e. light, medium, and heavy loading are used for the analysis. The following reconfigurations of the MTDC system given in Table 1 are used in this work. The MTDC grid reconfiguration scenarios presented in Table 1 are evaluated for the DC link power flows given in Table 2 to estimate the effect of MTDC grid reconfiguration on the dynamic behaviour of the host AC system. In each outage (apart from base case), outages have taken place and the hierarchical controllers are updated local controllers to reflect the changes in Table 1 . The transient conditions of DC outage are in a faster time-frame than the hierarchical controllers. Therefore, the fast dynamic responses to the updated DC system are not assessed -the simulations assume an updated quasi-steady state has been reached. It should be noted that the 'base case' is the case with hierarchical control but without the outage. Converter-5, DC line-2,-3, and -6 outage Base Case
The base case with master PFS and PVD in the MTDC system Heavy 2500 2900 3100
Impact on rotor angle stability
This section investigates the impact of DC grid reconfiguration on the host AC system small-and largedisturbance rotor angle stability. Analyses are conducted for a wide range of operating conditions as given in Table 1 and 2. The investigations are completed for both the system with and without MTDC grid reconfiguration. Table 3 shows the small-disturbance analysis results for the MTDC grid reconfiguration scenarios given in Table 1 for the heavy loading condition with total DC power flow of 3100 MW. Primarily, without an MTDC grid connected into the GB system, the system has a critical interarea mode of f = 0.48 Hz and ζ = 2.96 %.
The results in Table 3 show that the MTDC grid reconfiguration with hierarchical controllers has only a minimal effect on the interarea mode damping since the tieline power flow variations in the host AC system are minimal for different reconfigurations of MTDC system under the considered operating scenarios. From the results in Table 3 , it is also evident that the system would experience a slightly better damping performance for the base case (i.e. without any outages). It is also found that the system would experience the lowest small-disturbance angle stability margin for outage case 5. From the results given in Table 3 , it is observed that slightly different power oscillation damping performance can be seen when the system is equipped with PVD control as compared to PFS. In contrast to the PFS control, the power change in the AC-DC system is different for PVD, which is reflected in power oscillation damping. However these differences are negligible. The small-disturbance analysis results for all nine considered operating conditions (shown in Table 2 ) are displayed in Fig.  6 against the base case. For ease of comparison, full detailed numerical results for all of the different considered cases are not included. Instead, the results present the range of critical interarea mode damping values seen across the range of operating cases considered. From the results given in Fig. 6 , it can be observed that the DC grid reconfiguration has relatively minimal effects on the small-disturbance angle stability of the system. However, it is worth noting that the host AC system experiences a slightly lower smalldisturbance stability margin with reconfigured MTDC system as compared to the base case. It can also be seen that if the hierarchical controls (PFS and PVD) are neglected and the outages occur with no set point changes then slightly reduced stability is seen. Table 4 gives the results of large-disturbance angle stability margin of the AC system for MTDC grid reconfiguration scenarios given in Table 1 , for both PFS and PVD control. It should be noted that as with all studies, it is assumed that the outage cases have occurred and the hierarchical controllers have acted, and the settings of the MTDC terminals are changed. Subsequently a disturbance is applied to the AC system to assess the transient stability performance of the AC system (i.e. the results do not refer to angle difference occurring following DC side faults). A standard disturbance of 100 ms self-clearing three-phase fault applied at bus 9 is used in all cases.
Primarily, under heavy loading condition, the system has a TSI value of 0.48 without an MTDC grid for the test disturbance. From the results given in Table 4 , it is evident that the system experiences lower large-disturbance stability margin for various reconfigurations of MTDC grid. Note that the TSI can take a value from zero to one with lower values displaying greater angle separation and therefore an increased risk of transient instability. Furthermore, from the results, it is evident that the system experiences the lowest stability margin for case 2 with both PFS and PVD control. There are some differences between the TSI values when using the PFS control and the PVD control due to the difference in resulting power flow. However, the differences are minimal. From Table 4 , it is also evident that the system experiences better large-disturbance stability margin for the base case (i.e. MTDC grid without outages). The results recorded in Fig. 7 shows the range of TSI values for various operating conditions and faults (at a number of additional buses) in the host AC system. From the results given in Fig. 7 , it is apparent that the host AC system experiences significantly lower large-disturbance angle stability margin with a reconfigured MTDC grid for both PFS and PVD control as compared to the system without an MTDC grid reconfiguration. The reconfiguration of MTDC grid changes the power flow pattern as well as the reactive power and AC voltage support available to the host AC system. Therefore, this results in the higher rotor angle deviation following the large-disturbance to the system. Furthermore, it is also observed that the system would experience a slightly lower large-disturbance stability margin without MTDC grid set point change by hierarchical control. Table 5 , it can be seen that the frequency stability margin of the representative GB system is reduced for outage 5 as compared to base case. From the results, it is evident that the system experiences the smallest frequency stability margin for the light loading condition due to the lower effective inertia in the system (generation in the North of Scotland is reduced for this case). From the results given in Table 5 , it is evident that the various hierarchical controls in MTDC grid have minimal effect on the frequency dynamics of the system. The relative results for frequency stability of the system for outage case 5 are assessed and reported in Table 6 to illustrate the effect of set point on the system following a large frequency disturbance. The analysis has been conducted for the light loading condition for an outage of the generator at bus 4. From the results given in Table 6 , it is evident that similar frequency responses can be achieved for outage 5 with and without set point change since the overall active power injection to the grid has not been altered for these scenarios. It is worth noting that the system experiences a lower frequency stability margin for outage 5 (both with and without set point change) with compared to the initial condition (i.e. base case).
Impact on frequency stability
Conclusions
An assessment of the impact of DC grid reconfiguration on the dynamic performance of the AC system is presented in this paper for PFS and DC pilot bus droop control. The dynamic behaviour of the AC-DC system is provided based on the typical GB transmission system and a five terminal offshore MTDC grid. From the analysis, it is evident that the impact of DC grid reconfiguration has minimal impacts on the small-disturbance rotor angle stability of the system since the small-disturbance angle stability is most significantly influenced by the operating conditions of the host AC system (i.e. number of conventional generators in operations, tie-line flow, operating condition near to the stability limit). From the analysis, it is also evident that the effect of DC grid reconfiguration can be high for AC system large-disturbance angle and frequency stability due to the significant loss of infeed, reactive power support, and frequency support (if any). It is also found from the perspective of MTDC hierarchical controls that the DC power flow can be affected due to various hierarchical controls during the DC grid reconfiguration, thus leading to different AC system responses. However, from the perception of AC system dynamics, no real differences are seen for various hierarchical controllers (e.g. PFS and PVD). From the analysis, it should be worth noting that the host AC system would experience lower rotor angle stability margin for the DC system reconfiguration without any hierarchical controller.
The results presented in this paper are based on the primary control strategies of MTDC grid. The impact of other MTDC control strategies and frequency supplementary control through MTDC grid will be reported in future. 
